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ABSTRACT 
This thesis discusses the thermal behavior of the STM tip under laser irradiation. The 
thermal expansion of the tip was researched with varying laser spot size, frequency, location, and 
power. In order to determine the thermal expansion of the STM tip, the behavior in both the time 
and frequency domain were investigated. By employing the FFT analysis, the noise of the 
thermal behavior in the frequency domain was greatly reduced when compared to the time 
domain behavior, allowing for higher resolution expansions. With noise reduced, a thermal 
expansion of 1 nm, equating to a 0.03 K average temperature rise across the tip was found. 
Besides the heating and expansion of the STM tip, the thermal diffusivity of the PtIr STM tip 
was calculated using the TET and Characteristic Point methods, and found to be within 3% of 
the expected value. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
In the past few decades, much time and energy has been put in to researching uses of 
scanning probing microscopes (SPM’s) under laser irradiation [1-13]. The laser-SPM system can 
be very useful for enhanced surface imaging [6], nanoscale thermal probing [2, 3, 12-15], 
nanoscale surface modification [9, 10, 16], and nanoscale manufacturing [14, 16-20]. There are 
two types of SPM’s used in these processes, the atomic force microscope (AFM) and scanning 
tunneling microscope (STM). The STM measures the tunneling current between the tip and 
substrate. The substrate used for STM scanning must be electrically conductive in order to 
produce a current. The AFM measures the atomic forces between the substrate and the tip and 
does not need a conductive substrate to image the surface. There has been a focus in research 
lately to try and better understand the physics occurring in these laser-tip interactions. Having a 
better understanding of these physics could have major implications on future work in medicine 
[21], nanofabrication [16-20], high density data storage [22, 23], as well as many other areas in 
the technology industry, some may yet be unknown.  
 
One area of special interest is the thermal response of the tip-substrate system due to the 
incident laser energy [1-5, 7-11, 13]. The AFM has become a very favorable devise in this field 
due to the versatility of materials that could be used, and its non-contact mechanism, so no 
damage is done to the substrate. Chen et al. [2] used Raman thermometry to study the near-field 
laser heating affect due to laser irradiation on the AFM tip. In their work, Raman thermometry 
was used to measure the temperature rise of the AFM tip under different laser powers, and 
different points along the tip’s z-axis. As expected, they saw an increase in temperature as the 
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energy flux increased. This increase in temperature is believed to be from the low thermal 
conductivity of Si at the nanoscale, as well as the small scattering volume within the system due 
to the cantilever being the only reasonable way of heat transfer. Then a theoretical analysis was 
done to compare the experimental results with the calculated. In their model, a one-dimensional 
heat transfer analysis was used to quantify the heat conduction and storage with the tip for the 
given geometry. Through their work they were able to accurately measure and model the 
temperature rise of an AFM tip with a microscale spatial resolution. 
 
In other work of Chen et al. [3], more study was done of the enhanced optical field and 
its effect on the tip-substrate system. Their research has shown through modeling, how heat 
builds up and dissipates within the tip and its surface. The time scale used in their models is of 
the order of nanoseconds, and is able to show the electrical field evolution of the tip-substrate 
system and the temperature evolution of the tip, both due to incident laser heating. They were 
able to deduce that the enhanced electric field and tip heating patterns were due to the liquid-like 
flow of the laser through the tiny opening between tip and substrate.  
 
For the purposes of our work, we have focused our studies on the STM system. In the 
thermal response of the tip-substrate system, a lot of attention has been paid to the thermal 
expansion of the STM tip and substrate system [1-5, 7-11]. The thermal expansion in STM 
systems under laser irradiation were initially investigated by Amer et al. [1], but only the gap 
distance was investigated, not the effects on the tip or substrate. Grafström et al. [8] narrowed 
down some of the uncertainty of Amer’s work by studying the thermal expansion of the STM tip 
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under laser irradiation. Grafström et al. investigated how the tip responded to short laser pulses at 
different points on the tip, and also experimented with Pt-Ir and W tips to compare and contrast. 
He was able to conclude that the thermal expansion of the tip dominates in the tip-substrate 
system under laser irradiation. For Grafström’s theoretical model, a one dimensional heat 
transfer assumption was used with the known geometry of the tip, and the theoretical model 
compared well with the experimental results. Gerstner et al. [4] investigated the response of the 
STM tip to ultrashort laser pulses ranging from 10 μs to 1 ps. Gerstner et al. used the finite 
element method for analysis, but states that the one-dimensional model is adequate for laser 
pulses under 1 MHz. They were able to develop an ultra-fast STM technique, but the technique 
can hinder the direct measurement of the thermal expansion of the tip, underestimating the 
thermal expansion. Their 3-D calculations did determine that at these time scales, the bending of 
the tip is of the same magnitude as the expansion and cannot be ignored in these experiments. 
Xie et al. [11] studied the thermal expansion of the STM tip under laser irradiation with 
femtosecond laser pulses. In that work they investigated tip expansion under various laser 
powers, wavelengths, illumination spots, and modulation frequencies. Even at those time scales, 
they measured that the thermal expansion of the tip was proportional to laser power. 
 
As one can see, a lot of research has gone into exploring the thermal expansion of STM 
tips and systems under nano, pico, and even femtosecond laser pulses. With this technology, the 
tip could act as a knife, and create tiny holes on the surface of the substrate that could possibly be 
used to store data at densities much higher than they are today [16, 18, 22, 23]. For the sake of 
our research, we are not interested at the thermal behavior of the tip at these time scales. Not a 
lot of research has been put into exploring the thermal expansion properties of the tip over the 
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course of its entire expansion process. This thesis will focus its attention on the variety of 
properties and characteristics of the materials and the system that can be learned from studying 
the thermal expansion of the STM tip under laser irradiation.   
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CHAPTER 2: BEHAVIOR OF TIP IN TIME DOMAIN 
2.1 Scanning Tunneling Microscope 
The STM used in these experiments was manufactured by the MicroNano Equipment 
Company. The STM is a great tool to use for scanning conductive surfaces to image their atomic 
structure, surface anomalies, and for other micro-nanoscale purposes. The physics behind the 
STM is quite complicated though. The sample to be scanned must be electrically conductive, 
which is why substrates are almost always a metallic coating on top of a non-conductive or semi-
conductive base. Before the experiment, initially the tip is on the order of a few mm to cm away 
from the conductive surface. When approaching scanning mode, the controller will approach the 
tip to the substrate until a desired tunneling current is observed. There are normally two stages in 
this approach. The first stage is the coarse approach, which brings the tunneling gap distance 
(distance between tip and substrate) down from the initial gap to a few micrometers or even 
hundreds of nanometers. Then the second stage, which is normally controlled by piezoelectric 
actuators, brings the gap distance to a tunneling range of a few nanometers or less.  
 
The tunneling current arises from a small bias voltage ~100 mV applied across the gap, 
and the resistance of the space in between the gap which is of the order of 1GΩ. Using Ohm’s 
Law gives a tunneling current on the order of 1 nA. Amplifiers are then needed to make the 
current readable for the controller, and are often on the order of 10
7 
V/A. Once the desired 
tunneling current is achieved the STM can scan the surface. There are two different settings for 
the STM, constant height mode and constant current mode. Constant height mode scans the 
surface at that height which the set point current was initially reached. As it scans, it measures 
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the fluctuating current and converts it to distance to produce the image.  The constant current 
mode scans the surface at the desired set point current, and the piezo actuators move the gap 
distance closer or further in order to maintain that set point current. The movement of the 
actuators is then used to produce the scanning image. We chose to do our work using the 
constant current mode, which was how all of the data in this thesis was collected. 
 
Since the STM is able to image down to atomic sizes, the tip is very fragile and must be 
treated as so. This means that any sort of dust, debris, or organic matter needs to be removed 
from the tip and substrate system. In order to ensure the best image or experimental quality, 
many researchers perform their STM measurements inside a vacuum. We did not deem it 
necessary to perform our measurements in the vacuum, and used the STM in room air instead. 
This assumption proved sufficient throughout our experiments.  
 
2.2 Experimental Setup and Procedure 
2.2.1 Sample and Tip Preparation  
The substrate used in this experiment was 40 nm of Iridium on top of a Si wafer. First, a whole 
Si wafer was cut into smaller pieces to be used for experimentation using a razor blade, and 
making a small cut at the end of the wafer. The wafer would then break cleanly in the direction 
of the crystal lattice parallel with the razor cut. Once a piece of the correct size had been 
obtained (a square roughly 1 cm across), it was cleaned with a Q-tip dabbed with ethanol. This 
ensured that the Si wafer used was clean and free of any unwanted contamination. Each stroke of 
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the Q-tip was done in the same direction, starting and ending on the same respective side of the 
wafer. Once cleaned, the wafer was placed in a sputter coater (Quorum EMS 150T S) and coated 
 
Fig. 1: Setup of experiment. For parts of the experiment the entire tip was inside the laser beam, 
which is depicted here. For others the laser was focused to the top of the tip (near heat sink), 
middle of the tip, and apex (near substrate).  
 
with 20 nm of Ir. In order to coat 40 nm of Ir on the wafer, the sputter coater went through two 
cycles. After the second coat, the wafer was carefully taken out of the sputter coater with 
tweezers at either side of the wafer so that the Ir coat was not scratched. The coated wafer was 
then placed on a metallic plate, and attached using silver paste on the Si side of the wafer facing 
the plate (the Ir side of the wafer facing up). The metallic plate connects to the STM sample base 
via magnet, and also completes the circuit for the STM. After 15 minutes, or until the silver paste 
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Tip Holder/Heat Sink 
Data Acquisition Analyzation 
Substrate 
STM 
Tip 
Diagram not to scale 
− 
+ 
Piezo Actuators 
Controller 
8 
 
 
 
had dried, another bit of silver paste was placed in a corner of the wafer to connect the Ir side of 
the wafer to the attached metallic plate. This silver paste connection connects the Ir coat on the 
wafer to the STM circuit via the metallic plate, and also helps dissipate any heat that may build 
up on the substrate. 
 
To ensure the tip is sharp and free of any dust or organic matter, the following steps were 
taken. A piece of a cotton ball was taken and saturated with Ethanol, and was then used to clean 
two pairs of tweezers, cutting scissors, and 0.25 mm diameter 0.8Pt0.2Ir wire. One pair of 
tweezers would pick up the Pt/Ir wire, and the other would then take the wire and hold it so that 
it could be cleaned with the cotton ball. Once the wire was cleaned, the scissors would make an 
approximately 60⁰ cut with respect to the plane perpendicular to the wire’s direction (assuming 
one-dimensional wire) to make a sharp tip. After the tip had been properly cut, it was inserted in 
the STM tip holder in the apparatus. The tip was placed so that the length of the tip from apex to 
the base of the holder was about 4  0.1  mm. The length was measured using a Vernier scale 
using inches, and was then converted to mm. The tip and substrate were then cleaned of any 
remaining unwanted organic material and dust using a hand-squeezing blower. Upon placement, 
the tip could then be approached as necessary to achieve the wanted tunneling current. Once tip 
and sample were placed, the laser was then aimed properly for tip irradiation. 
 
2.2.2 Experimental Processes 
When the laser has been determined that it is properly aimed and aligned with the STM 
tip, the experiment was then able to begin. For different experimental runs, the laser was aimed 
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at different points along the tip. The laser was aimed at the bottom, middle and top of the tip with 
a spot size of 2 mm. The laser was also focused so that the spot laser was the same as the length 
of the tip ~ 4 mm in diameter. We were than able to take data to measure the thermal response of 
the tip with the laser irradiation along the different points on the tip as well as varying spot sizes. 
The laser power was also varied from 60 mW to 1.75 W with a 1550 nm wavelength laser (B&W 
Tek Inc. Class IV), and a second laser of 405 nm wavelength (B&W Tek Inc. Class IIIb) and 100 
mW power was used for experimentation as well.  
 
To ensure that noise was minimal during experimentation, the sample scanning size was 
reduced greatly from the default area of 10 μm   10 μm, to a size of 0.5 nm   0.5 nm in the 
STM controller. In actuality this meant that the tip did not move from the initial scanning 
location which is even better than the small scanning size. The reason for this was that any 
bumps or anomalies on the surface that would be scanned would increase the amount of noise in 
the experiment, thus decreasing the thermal response signal that was being obtained. The 
experiments were then run with the tip in the same location, and the thermal response of the tip 
under the different conditions was recorded and analyzed. 
 
2.3 Principles behind Thermal Response 
When a concentrated light source is incident on a metallic surface, heating occurs. As the 
object heats up, it will expand. This expansion is due to the slight atomic structure spacing 
variation of the materials, and the energy being introduced into the system. As the atoms gain the 
10 
 
 
 
energy, they start to move and vibrate more, and object will actually expand due to the increased 
movement of atoms. The expansion of the material can be calculated with the equation 
 L T L     (1) 
where ΔL is the length of the thermal expansion due to heating, α is the thermal expansion 
coefficient, which is dependent on the material, ΔT is the average temperature rise of the object 
during the expansion, and L is the length of the object before the expansion.  
 
Before each experimental run, the length of the tip protruding from the holder was 
measured. The length was normally around 4 mm  0.1 mm. ΔL in the experiment could be seen 
and measured in the graph of STM tip height versus time. The α for 0.8Pt0.2Ir used in the 
calculations is 8.4810-7 m2/s [24]. With the other variables known, we could then calculate the 
average temperature rise in the tip, ΔT. The temperature rises we obtained in our experiments 
will be discussed later in the results section of the thesis.  
 
To evaluate the accuracy of our results, a theoretical temperature rise was calculated. At 
these time and spatial scales, a one-dimensional heat conduction model will provide accurate 
enough calculations to compare our data to [7, 8]. For our model, the laser diameter was 
considered 2 mm, centered on the apex, and to be covering the bottom quarter of the tip, with at 
flat bottom for the tip instead of a pointed apex. The top of the tip (x = L) was considered to be a 
heat sink, and at a constant room temperature. The model assumed all heat absorbed was 
conducted away. Figure 2 depicts the model of a case where the apex of the tip is illuminated 
with half of the diameter of the laser. This model was used to calculate the expected temperature 
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rise and expansion of the case seen in Fig. 7, and was accurate within   10% of the experimental 
expansion value. 
 
Fig. 2: A depiction of the one dimension heat transfer model along the length of the STM tip 
with the temperature profile. 
 
Fourier’s Law states 
 
dT
q kA
dx
   ,  (2) 
where q is the heat absorbed, k is the thermal conductivity of the material, A is cross-sectional 
area, dT is the temperature differential, and dx is the spatial differential. Let E equal total heat 
absorbed by the tip, so at a given point along the tip 0L , the amount of heat absorbed by the tip 
from x = 0 to x = 0L  is equal to 
0
xE
L
, and inserting into Eqn. 2 and rearranging some terms we get 
 
 
Heat Sink 
x = L 
x = 0 
ΔT = Max ΔT = 0 
x = 𝐿0 
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0
xE
dx kAdT
L
   (3) 
Integrating both sides and solving for T the equation becomes 
 
2
0
( )
2
x E
T x C
L kA
    (4) 
Applying boundary conditions at x = 0, we get that C = maxT . Our temperature profile equation 
then becomes: 
 
2
max
0
( )
2
x E
T x T
L kA
    (5) 
For our purposes though, we then need to calculate the average temperature over the length of 
the tip. To attain that value we need to integrate the temperature of the entire length of the tip and 
divide by L. 
 
0
00
( ) ( )
L L
L
avg
T x dx T x dx
T
L


 
 (6) 
Looking at the schematic temperature profile in Fig. 2, one can see that from 0L  to L, it is linear. 
Inserting 0x L  into Eqn. 5, we can get the temperature at 0x L , and since these temperature 
calculations are assuming ΔT = 0 at x = L, the average temperature rise of the tip from 0L  to L is  
 
 
0
0 / 2    
2
maxL
avg L
T EL kA
T

 . (7) 
After integrating Eqn. 6 for 0 to 0L , the overall average temperature rise becomes 
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 00 0 0 / 2      
6 2
max
avg max
T EL kAL L E L L
T T
L kA L
  
     
   
. (8) 
 
One part of the model that has not been discussed yet is the actual heat absorbed itself. 
We assume the total laser power is within the laser spot size and is evenly distrusted throughout 
the spot size area. This assumption is not rigorously true, but is accurate enough for our model. 
The amount of the tip that is irradiated by the laser can be calculated by 
 0
2
 
4
dL
E P
D

 , (9) 
where E is the total power incident on the tip, P is the total laser power, d is the tip diameter,  0L
is the length of the tip illuminated,  and D is the laser spot diameter. Because the power is 
incident on the tip, does not mean that it is being absorbed by the tip completely. The reflectivity 
of the metal must be part of the calculations as well. The reflectivity R of a material is the 
amount of incident light power the material will reflect at a given wavelength, which means that 
1 - R is the amount of energy absorbed by the material. The reflectivity of the 0.8Pt0.2Ir tip for 
the given wavelengths is 0.58 [24], so 42% of the incident light power should be absorbed by the 
tip. The total amount of heat absorbed by the tip is now calculated as 
  0
2
 1
4
dL
E P R
D

  . (10) 
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The more energy the tip absorbs, the more it will thermally expand. The graph of the 
thermal expansion of the tip versus time can tell many different things about the thermal 
behavior of the STM under laser irradiation. The thermal diffusivity of the material can be 
learned, but that will be discussed in detail in a later section. One obvious thing about the 
behavior that could be learned is the actual amount of the expansion. Many researchers have 
been studying the thermal expansion of STM tips under laser irradiation for the past few decades 
[1, 3-13]. This research could prove valuable in discovering new ways of nano-manufacturing 
[14, 16-20], , data-storage [22, 23], and just having a better understanding of the physics of 
materials at the nanoscale. Having a very good understanding of the thermal expansion process is 
very important and fundamental to these research areas, so any research to better understand 
these phenomena is critical. This thermal behavior study is looking into how much the tip 
expands under different energy levels, and how fast it expands under different conditions.  
 
As stated previously, the STM mode that this work was performed in was constant 
current mode. This means that as the tip scans the surface, the piezo actuators move the stage up 
and down to account for any surface topography in order to keep a constant current between the 
tip and substrate. Because the thermal expansion of the tip happens quite quickly after irradiation 
[4, 8, 9, 11], the control system can have issues correcting for that sudden gap space decrease. 
One effect that happened frequently in our experiment due to this issue was the slope correction 
error in the controller. To fix this error, during data analysis in Origin software, the slope error 
was subtracted from the thermal expansion plot to get the actual thermal expansion data. Figures 
3 a) and 3 b) show the thermal expansion of the tip before the correction and after. The larger the 
thermal expansion tended to be, the larger the error in the slope of the thermal expansion data.  
15 
 
 
 
 
Fig. 3: The effect of slope drift due to the thermal expansion of the tip. (a) Before slope 
correction. (b) After slope correction. 
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From Fig. 3 one can see that there is a noticeable difference between the corrected and 
uncorrected slope drift of the thermal expansion plot. If not looked at carefully, the uncorrected 
slope drift plot makes the thermal expansion of the tip look several hundred nanometers larger 
than it actually is.  
 
2.4 Results and Discussion 
2.4.1 Thermal Expansion Length 
 
Fig. 4: Thermal expansion height vs. time plot with varying incident laser power for the 1550 nm 
laser. It is important to note the laser power shown is the total laser power, not the sole energy 
absorbed by the tip. For this experiment, the whole tip was illuminated by the laser (spot size ~ 4 
mm). 
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The thermal expansion of the tip varies with the amount of power incident on it, which 
can be seen in Fig. 4. Along with how the expansion varies with the incident laser power, we can 
also get a good idea of how long the transient expansion stage of the tip lasts under different 
heating conditions. It should be noted that Fig. 4 was taken with the entire tip enveloped in the 
laser beam. The amount of the thermal expansion seems to be linearly dependent on the incident 
power, which agrees well with both literature and [1, 7, 11], and the thermal expansion Eqn. 1. 
Even though the incident power is not mentioned in the thermal expansion equation, Eqn. 4 
clearly shows that the temperature of the tip is linearly dependent on incident power. Since the 
thermal expansion equation is linearly dependent on temperature rise, the connection between 
the two equations can be made to validate this dependency the thermal expansion of the tip has 
on the laser power illuminating it.  
 
The point at which the tip reaches the maximum expansion occurs when the amount of 
heat being absorbed is equal to the amount of heat that is being conducted away to the heat sink. 
Looking at Fig. 4, one can deduce that the more energy absorbed by the tip, the longer the 
thermal expansion takes to reach the steady-state heat flow. It is somewhat difficult to see for 
some of the lower laser powers due to noise, but in the larger powers, the expansions are able to 
overcome the noise and the difference in maximum expansion periods becomes more visible. 
One thing to note in Fig. 4 is that with the higher laser powers, the tip expansion never did reach 
its steady-state heat flow. This is because the actual expansion graphs were not attainable until 
after each heating experiment due to a delay in the software. So during the each experiment, the 
tip expansion was not known until after the experiment had finished. 
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Fig. 5: Plot of varying thermal expansion results from illuminating the tip at different points 
along its length with a laser power of 480 mW. a) Thermal expansion before the thermal slope 
correction. b) Thermal expansion after the thermal slope correction. Note: 480 mW represents 
the total laser power, not the laser power absorbed by the tip. 
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Another aspect of the thermal behavior of the STM under laser irradiation this thesis 
investigated was how the thermal expansion of the tip differs for different illumination spots. For 
this experiment, the tip was illuminated on the apex, middle, and top of the tip with a 2 mm 
diameter laser spot size. Figure 5 shows the results of this experiment with a constant laser 
power of 480 mW and 1550 nm wavelength. One thing to note in Fig. 5 a), the thermal 
expansion plot of the apex illuminated has a slope after the tip has reached a steady-state heat 
flow. It is believed that this is due to similar reasons as seen in Fig. 3, but this time due to the 
thermal expansion of the substrate. Since the apex is illuminated, and there is very little distance 
between tip and substrate, this is expected. This substrate expansion has also been noted 
throughout literature as well [1, 3, 7, 8, 13]. Fig 5 b) shows the expansion of the tip after the 
slope had been corrected. The corrected slope does tilt the rest of the data at that angle, but this 
does represent a more accurate depiction of the thermal expansion process for the purposes of 
this thesis. Another thing to note about Fig. 5 is that the thermal retractions for the three different 
experimental trials differ with respect to time. This can be ignored because it was due to human 
error. This is the result of the laser being turned off at slightly different times within each 
experiment.  
 
The results of this experiment were mostly as expected. The further away the laser spot is 
from the tip, the higher the temperature rise due to the larger distance the heat must be conducted 
to the heat sink. Theoretically, this means that the laser incident on the apex should produce the 
greatest thermal expansion, but this is not what happened. An obvious reason for this is because 
of the shape of the apex. The apex is created by making an approximately 30⁰ cut in the wire 
with respect to the perpendicular plane through the wire (assuming the wire to be one 
20 
 
 
 
dimensional). This creates a wedge shape at the apex which means that no laser energy in 
incident on the missing chunk. This was also seen in literature as well [8]. When illuminating the 
apex also, the laser may have been aligned slightly below the apex, which means even less of the 
laser was illuminating the apex. The known missing laser area of the apex, plus the uncertainty 
of the exact alignment of the laser with apex of the tip would easily explain the small thermal 
expansion of the tip when the apex is irradiated.  
 
When comparing the expansions of the tip under irradiation in the middle and top of the 
tip, the graphs of the two look very similar. The issues encountered with the laser illuminating 
the apex discussed earlier no longer apply to these cases. The entire diameter of the laser spot is 
known to be on the tip, and so we can assume that the tip receives the full diameter of the 
incident beam for both of these cases. Looking carefully at Fig. 5, the thermal expansion of the 
tip is slightly greater when the middle of the tip is irradiated versus when the top of the tip near 
the heat sink is. This matches very well to the predicted behavior system. As discussed earlier, 
the further the illuminated spot is from the heat sink, the higher the temperature rise of the tip 
would be due to the greater the distance the heat must be conducted away. 
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2.4.2 Thermal Expansion Time 
 
 
Fig. 6: The normalized plot of Fig. 5. 1.0 on the y-axis represents the maximum thermal 
expansion of the tip under those conditions. 
 
For this thesis, we also wanted to investigate how the transient thermal expansion process 
varied with the laser spot location. Figure 6 shows the normalized plot of Fig. 5, where the y-axis 
represents the normalized thermal expansion with 1.0 being the maximum expansion. The 
expansion time seems to depend on the distance from the heat sink as well. This makes sense, 
once again due to the expansion reaching a maximum when the heat flow absorbed from the 
laser equals the heat flow conducted to the heat sink. The closer the laser spot is to the heat sink, 
the quicker that heat can be conducted away to that heat sink. This explains why when the laser 
irradiates the middle and top of the tip, the expansion reaches the maximum slightly quicker than 
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that of the laser on the apex, with the top slightly faster than the middle. The results from this 
experiment were also as expected, but very little variation between the three cases was 
surprising. The very small variation in expansion time is believed to be due to the tip’s high 
thermal conductivity. 
 
2.4.3 High-Resolution Temperature-Rise Calculations 
 
 
Fig. 7: Small thermal expansion of the tip measurement of just over 3 nm using a 405 nm laser 
with 5 mW incident on the tip at a frequency of 2 Hz. The expansion measurement was used to 
calculate an average ΔT along the tip under the laser illumination of 0.088 K. 
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25-27]. For this thesis, we looked to measure temperature rises using what we know about the 
properties of thermal expansion. In order to achieve a high resolution temperature measurement 
with thermal expansion, the thermal expansion must be quite small. Gerstner et al. [4] and 
Grafstrom et al. [8] have tried to achieve accurate rises in temperature using thermal expansion 
of the STM tip, but not to see how small of a temperature rise could be determined. Yue and 
Wang [12] did a comprehensive study of small scale temperature measurements using many 
different technologies. In this review, they studied how these technologies could reduce the spot 
size of the temperature measurements, as well as increase the degree of accuracy for the different 
measurement methods. Thermal expansion of the SPM tips under laser irradiation was discussed 
in the review, and a measurement of 0.14 K was attained [26], but it is believed that resolution 
could reach 310 K with proper noise control [25-27].  
 
One issue with making this measurement, especially when experimenting in an 
environment which is not highly controlled, is noise. During the experimentation, numerous 
trials were taken to try and decrease the noise in our data. The highest accurate thermal 
expansion resolution we were able to achieve, with the peaks still noticeably standing out from 
background noise, was just over 3 nm as seen in Fig. 7. This was done using a 405 nm laser on 
the tip that was modulated at using a function generator. The topic of the thermal behavior of the 
tip in the frequency domain will be discussed in a later section, and not talked about in further 
detail here. The 3 nm thermal expansion equates to a 0.088 K average temperature rise over the 
length of the tip, which is a fairly small rise in temperature. The temperature measurement in this 
experiment does compare quite well to some literature, where Nakabeppu et al. [26] was able to 
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measure 0.14 K. It is desirable to be able to measure temperature rises on the order of 210  K or 
less, but the noise must be greatly reduced before this could be possible.  
 
Another issue in determining the accuracy of the measurement is the resolution of the 
measurement. The resolution of the STM data analyzer used for this experiment is 512 data 
points per line in both the x and y directions. Looking at Fig. 7, one can see that the image is 
somewhat pixelated. This is due to the low resolution of the data, and does hinder some of the 
accuracy of the data taken. The data seen in Fig.7 is an excerpt from the graph seen in Fig. 10 
(a), and is from 17 s worth of data. Take 17 s / 512 pixels, and the best resolution for that data set 
is 0.03 s/ pixel. 0.03 s/ pixel is equal to the length of the lines seen in Fig. 7. Too much resolution 
introduces too much noise into the data; too little resolution might cause aliasing of the data 
signal. It could be a fine line between too much and too little resolution. We found 256 and 512 
to give the best overall results for the purposes of the experiments, but it mainly depends on the 
STM system being used.  
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CHAPTER 3: THERMAL DIFFUSIVITY EVALUATION BASED 
ON THERMAL RESPONSE OF TIP 
3.1 Transient Electro-thermal Technique (TET) 
As discussed earlier in this thesis, there are other useful properties of the system that can 
be learned from the thermal expansion plot of the tip other than the expansion and heating of the 
tip. The thermal diffusivity of the tip can also be calculated looking at these thermal expansion 
plots. Guo et al. [28] developed a method for measuring the thermal diffusivity of the material 
based on analyzing the normalized temperature rise vs. time plot for a material going through a 
step heating process. This method is called the transient electro-thermal technique (TET). The 
TET uses a step-heating process by feeding a step DC to a wire, then measuring the temperature 
evolution of the wire by monitoring its voltage variation over the heating time. As the 
temperature of the wire changes, so does its resistance. The resistance change, thus the 
temperature change, is monitored via the voltage variation across the wire.  
 
3.2 Characteristic Point Method 
By looking at the normalized temperature curve of the wire, a method called the 
characteristic point method can be used to determine the thermal diffusivity of the sample. This 
method measures the point at which the normalized temperature profile reaches 0.8665. The 
characteristic time ( ct ) is measured from the start of the heating process until 0.8665 of the 
maximum temperature is reached. An example of this method can be seen in Fig. 8. Once the 
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characteristic time has been found, the thermal diffusivity (α) of the sample can then be 
calculated as 
 
20.2026(2 )
Δ c
L
t
  , (11) 
where L is the length of the tip from STM holder to apex. In Guo’s et al. [28] work, the heated 
wire has two heat sinks at either end of the wire while it is uniformly heated. In this experiment 
there is only one heat sink, so to account for that in our calculations, the length of the wire is 
doubled in Eqn. 11.  
 
3.3 Results and Discussion 
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Fig. 8: Example of using the TET and characteristic point methods to determine the thermal 
diffusivity of the tip. The two methods produce accurate results, in this experiment the results 
were within  3% of the actual values. Laser energy of 450 mW and 1550 nm wavelength was  
used, with laser diameter covering entire tip. 450 mW was total laser energy, not energy 
absorbed by the tip. 
 
Looking at Fig. 8 can give a clearer picture of the characteristic point method. 0t  is the 
point at which the heating process begins, and thus where the thermal expansion of the tip starts. 
The tip takes 1.54 s to reach 0.8665 of the maximum thermal expansion in this case. With ct  
known, the thermal diffusivity of the Pt/Ir tip can then be calculated using Eqn. 11. The 
experimental value obtained in this case is 8.67 6 210 /m s .  
 
To test the accuracy of the experimental thermal diffusivity value, the experimental value 
of the thermal conductivity of Pt/Ir will be compared to the actual measured thermal conductivity 
value. The experimental thermal conductivity of a material can be calculated by using the 
equation 
  pk c  , (12) 
where k is the thermal conductivity of the material,   is the density of the material, and pc  is 
the heat capacity. The values for these can be seen in Fig. 8. In doing these calculations, the 
material properties are assumed to be constant and do not change with temperature. The material 
properties were obtained from the 2014-2015 Handbook of Chemistry and Physics [24]. The 
theoretical calculation for the thermal conductivity based on the experiment comes to 24.82
/W m K . The actual value of the thermal conductivity of the tip used in the experiment was 
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found following the Weidemann-Franz Law. The value obtained using the Weidemann-Franz 
Law was 25.52 /W m K , which means the TET and characteristic point methods are accurate 
within  3% of the known value. 
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CHAPTER 4: THERMAL BEHAVIOR OF TIP IN FREQUENCY 
DOMAIN 
4.1 Experimental Setup and Design 
 
Fig. 9: The experimental setup for testing the thermal response of the tip in the frequency 
domain. The setup was very similar to testing the thermal response of the tip in the time domain 
(Fig. 1) with only an added function generator. Both the 1550 and 405 nm lasers were used 
during this experimentation. 
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The experimental setup and procedures for testing the thermal properties of the STM tip 
under laser irradiation in the frequency domain are very similar to the procedures used for the 
time domain experiment, and can be seen in Chapter 2.  The difference for the experimental set 
in this experiment is we attached a function generator (Stanford Research Systems Model D5345 
30 MHz Synthesized Function Generator) to the laser to modulate the laser output as desired. 
The laser was pulsed with a square wave at 1, 2, 3 Hz at 1 Vpp with a 0.5 V offset so the square 
wave would fluctuate between 0 and 1 V.  
 
In Chapter 2 the thermal response of the tip in the time domain was discussed. The main 
issue that our experiments came across in the time domain was noise, or more specifically the 
signal to noise ratio. One way to combat this is to find a pattern within the data that can easily be 
found amongst all the noise, which is the purpose of researching the thermal response of the tip 
in the frequency domain. Causing the tip to undergo periodic heating would create a signal 
pattern that could easily be obtained with the right signal analysis. Having a signal pattern should 
also increase the accuracy of the expansion results as well, since the noise can be easily filtered 
out. 
 
4.2 Results 
There has been research on the thermal effects that high frequency laser heating has on 
the thermal expansion of the tip [1, 4, 5, 7-9, 11].  Seeing how the tip responds under low 
frequency laser heating (up to 3 Hz) can give us a better understanding of the physics in the 
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system, and is easier to compare with theory since the transient heat transfer analysis can 
essentially be replaced with the steady-state analysis.  
 
This experiment was performed using two different methods. The first method was to use 
the STM on the slow-scanning setting. This method scans the surface of each line slowly (5-20 
seconds one way) and approximately the same speed coming back to the original point. After one 
slow scan, the frequency could be seen by looking at the spacing of the peaks in the STM scan. 
For a 20 second scan for one line, and a laser frequency of 1 Hz, 20 peaks should appear in one 
line.   Figure 10 (a) shows an example of what a scan line looks like on the slow scan mode. 
Figure 10 a) is actually the full scan line that Fig. 7 was taken from. It was taken at 2 Hz and 17 
seconds per line one way. There is some background noise in the graph, but the peaks show very 
clearly the thermal expansion the tip goes through under a 2 Hz laser pulse. 
 
Sometimes it is hard to see the thermal expansion peaks clearly, so a Fast Fourier 
Transform (FFT) can be performed on the data to sort out the signal frequencies from the noise 
frequencies. Figure 10 (b) shows the FFT of the data from Fig. 10 (a). Even though there are 
some other peaks in the FFT due to the background noise, a peak at 2 Hz can clearly be seen and 
is much more prevalent than the background noise. These peaks were attained by focusing the 
laser with a diameter of 2 mm on the middle of the tip. The FFT uses the algorithm 
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Fig. 10: Thermal expansion of the tip in the frequency domain. (a) The graph of the thermal 
expansion of the tip with a 2 Hz laser pulse and 5 mW laser power for the 405 nm laser. (b) The 
FFT result of (a). The 5 mW was the total laser power within the laser spot size, not the power 
absorbed by the tip. 
 
(a) 
(b) 
0 2 4 6 8 10 12 14 16 18
6
9
12
15
18
 
 
H
ei
g
h
t 
(n
m
)
Time (s)
0 1 2 3 4 5
0.0
0.6
1.2
1.8
2.4
3.0
 
 
Frequency (Hz)
A
m
p
li
tu
d
e 
(n
m
)
33 
 
 
 
where N is the number of data points, and ix  is the data point. Origin 8.5 was used for the FFT 
analysis. Looking at the FFT in Fig. 10 b), the average amplitude at 2 Hz is 1.25 nm, which 
means the average thermal expansion of the tip when irradiated by the laser at 2 Hz is 2.5 nm. 
 
The peak heights in Fig. 10 a) range from about 2-8 nm, but some of that is due to 
background noise. The FFT shows that the actual contribution from the 2 Hz laser is 2.5 nm on 
average. This 2.5 nm thermal expansion equates to an average temperature rise across the tip of 
0.074 K, about 20% smaller temperature then calculated using the same graph in the time 
domain. 
 
The other method used to obtain the thermal expansion data of the STM tip under the 
modulated laser irradiation was using the fast scan option on the STM to create a 2-D picture of 
the scanned area. To obtain the frequency response of the tip from the data in this case is more 
complicated though. A 2-D FFT must be performed on the 2-dimesional data in order for the 
signal to be found within the data. The equation for performing a 2-D FFT is similar to that of 
the 1-D FFT with some added variables 
  
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,  
0  0
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ux vyM N i z
M N
u v
x y
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 
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 
  , (14) 
where M and N are the dimensions of the data matrix, and u, v are the spacial frequencies in the x 
and y directions respectively. The data must be put in a square matrix whose dimensions are the 
resolution of the image. This means that for an image with a resolution of 256 data points per 
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line and 256 lines per image will have a matrix with dimensions of 256 × 256, which equals 
65,536 data points total per image.   
 
Figure 11 shows a contour plot of the scanning surface and 2-D FFT result of a scanning 
image. The x-axis represents the frequencies in the x-direction of the image, and the y-axis 
represents the frequencies in the y-axis of the image. The image was taken with a 1550 nm laser 
modulated at 1 Hz, laser spot covering the entire tip (diameter 4 mm), and a laser power of 1.5 
W. The largest peak in the 2-D FFT plot occurs at x = 1.33 Hz, and y = 1.00 Hz. Although this 
may not seem obvious at first, this is where we expect the peak to be with a laser modulated at 1 
Hz. To explain this, the process of the FFT and its frequency resolution must be understood. The 
total time for the image scan was 192 s. The resolution used was 256 points per line, and 256 
lines per image, which means 256 x points and 256 y points per image. To get the x frequency 
resolution, 192 seconds divided by 256 lines equals 0.75 seconds per line. Or the x-axis ranges 
from 0 to 0.75 seconds. Since frequency units are in Hz or s
-1
, 1 line/0.75 s = 1.33 lines/second or 
1.33 Hz is the minimum frequency. This means that the minimum resolution for obtaining an x-
axis frequency value is 1.33 Hz. So the obtainable x-axis frequency values would be 1.33 Hz and 
its multiples, i.e. 2.66, 3.99… 
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Fig. 11: Contour plot of the a) scanned surface and b) 2-D FFT for a modulated 1550 nm laser at 
1 Hz.  
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The y-axis resolution was obtained using similar logic. The y-axis varied from 0 to 192 
seconds, so the resolution was 1 point/192 s = 0.0052 Hz. This means that the value 1.00 Hz 
should show a peak on the FFT plot. The frequency resolution of the FFT explains why the 
expected peak position for the FFT plot occurs at x = 1.33 Hz, and y = 1.00 Hz. The total range 
of the x and y-axis frequency values can be found by multiplying the frequency resolution by the 
x and y resolution of the data file. In this case, at x and y with 256 resolution, the total frequency 
range of the FFT for x =1.33 Hz256 points = 340.48 Hz, and y = 0.0052 Hz256 points = 1.32 
Hz. In Fig. 11, only x-axis frequency values through 10 are shown to enhance the visual of the 
FFT peaks.  
 
Looking at the range of y-axis frequency values, one can see an issue in plain sight. The 
highest frequency the FFT can attain in the y-axis is 1.32 Hz, rendering the previously used FFT 
useless for any frequencies above that. Since this experiment attempted to attain data for up to 3 
Hz, the total scanning time was reduced to 81 seconds while keeping the resolution the same at 
256, in order for the frequencies to be obtained by the FFT. Reducing the scanning time to 81 
seconds per image brings the y-axis resolution to 0.0123 Hz, making the frequency range 
obtainable by the FFT increase to 3.16 Hz, just enough to include the 3 Hz data. Decreasing the 
scanning time does bring other issues into the analysis though. The x-axis resolution at the 192 
seconds scanning time was 1.33 Hz, which is not great resolution, but it does work for the data in 
this experiment. Reducing the scanning time to 81 seconds brings the x-axis resolution to 3.16 
Hz. This discussion shows that when performing an FFT on data, carefully choose the resolution 
and scanning time for the image when attempting to recover the frequency signals used in the 
experiment.  
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The purpose of using the modulated laser in the experiment was to reduce the noise effect 
and measure tiny thermal expansions and temperature rises within the tip. The height of the FFT 
peaks in Fig. 11 can be seen by looking at the color scale to the right of the graph. The color 
scale represents the magnitude of the FFT at a given frequency. The amplitude of the expansion 
can be found using 
 
4
x y
M
A
n n
 , (15) 
where M is the magnitude at a frequency, xn is the number of data points in the x direction, and 
yn is the number of data points in the y direction. The actual expansion height is two times the 
amplitude. In the case of Fig. 11, the expansion height was 15.0 nm, which equates to a 
temperature rise of 0.45 K. In Appendix A, 2D FFT’s can be seen that were done at higher 
frequencies and lower laser powers. The best temperature resolution found can be seen in Figure 
A1, which shows an expansion height of 1 nm, equating to an average temperature rise of 0.03 K 
across the tip. 
 
             In order to visually the thermal expansion process of the STM tip under modulated laser 
irradiation, a profile contour graph of the scanned surface was used. The profile contour seen in 
Fig. 12 is similar to the contour graph in Fig. 11, but has more useable features. Contour maps of 
surfaces are very useful to get detailed information about a 3-D surface from a 2-D visual media. 
Once the scanned surface has been put into the matrix form as discussed earlier, a profile contour 
plot of the surface can then be made. The profile contour map allows the viewing of the contour 
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Fig. 12: Profile contour on the scanning surface with a modulated 1550 nm laser at 3 Hz and 1.5 
W. The top graph is a cross-sectional view of the contour plot at y = 40 s, while the right graph is 
the cross-sectional view of the contour plot at x = 0.15 s. 
 
map along lines in the x and y directions in order to see the profile of the surface along those 
lines. For instance, in Fig. 12, in order to get a good surface contrast for the profiles, the profile 
lines were placed at x = 0.15 seconds, and y = 40 seconds. Looking at Fig. 12 this would place 
these two lines each at the half-way point in their respective axis, which is where the maximum 
surface contrast does seem to occur. The thermal expansion for a modulated 1550 nm laser at 3 
Hz, and 1.5 W covering the entire tip (diameter = 4mm) can be seen by analyzing both the x and 
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y contour profiles in Fig. 12. The tip thermally expands roughly 11 nm under these conditions, 
leading to a temperature rise of 0.32 K.  
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CHAPTER 5: SUMMARY AND CONCLUSIONS 
In this work, the thermal response and behavior of the STM tip under laser irradiation 
was investigated from the initial response through the full expansion. The thermal response of 
the tip was measured under various conditions. The incident power was varied to measure the 
effects on the thermal response. The larger the incident laser power, the greater the temperature 
rise and thermal expansion of the tip. The greater the incident laser power, the longer the tip also 
took to reach a maximum thermal expansion. When comparing different laser irradiation 
locations on the tip, the thermal expansion and the expansion time vary as well. When the apex is 
illuminated, some of the laser is not incident on the tip, so the thermal expansion is not as much 
as the middle and top of the tip. If the apex had equal radiation incident on it, the thermal 
expansion should be the greatest of the three cases. For the middle and top of the tip, the results 
are as expected with incident laser on the middle of the tip expanding slightly more than on the 
top of the tip. The thermal expansion time is greatest when the apex is illuminated, and the 
middle illumination expansion time is slightly more than the top. All of these results were as 
expected. A theoretical one dimensional heat transfer model was used to compare the 
experimental results to the theoretical.  
 
One desire in measuring the thermal expansion of the STM tip under laser irradiation is 
to use the expansion to measure small temperature rises in the system [2-4, 8, 12, 13, 25-27]. The 
best way to accurately measure a small temperature rise is to measure a small thermal expansion. 
To do this a modulated laser was used to produce and measure these small expansions. The best 
result obtained was a 1.0 nm thermal expansion of the tip, which equates to an average 
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temperature rise of 0.03 K. To obtain these results, different methods were used. The Fast 
Fourier Transform (FFT) is a very useful tool to use in this analysis, but there are obstacles when 
performing this analysis. When using the FFT, the image resolution and scanning timing need to 
be chosen carefully in order to have a frequency range within the FFT that is able to obtain the 
frequency used in the experiment. 
 
Besides the thermal expansion itself, other useful knowledge can be gained by studying 
the expansion plot of the tip under laser irradiation. By studying the rise time and shape of the 
expansion, the characteristic point method [28] can be used to determine the thermal diffusivity 
of the material of the tip. Other traits such as the thermal conductivity of the material as well as 
the density and heat capacity must be known as well for this method to work though. Using the 
TET and characteristic point methods, the thermal diffusivity of the sample was calculated to be 
within  3% of the known value of Pt/Ir. 
 
5.1 Future Work 
The main impedance to an accurate, high resolution temperature measurement in the 
experiment has been the background noise. Measuring a 0.03 K average temperature rise over 
the tip using the thermal expansion of the tip under laser irradiation is a small measurement, but 
there is a need for much smaller temperature measurements in the nanotechnology industry [12, 
13]. In order to reach smaller magnitudes of temperature rise within these systems, the noise 
must be reduced. In the future, we would like to further pursue new ways and possibilities to 
either eliminate more noise from the experiments, or be able to more accurately separate the 
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thermal expansion signal from the background noise. With significant noise reduction or signal 
enhancement, we desire to be able to measure average temperature rises on the order of mK or 
less over the length of the tip. 
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APPENDIX A: MORE DATA ON THERMAL REPONSE IN 
FREQUENCY DOMAIN 
 
Fig. A1: 2D FFT contour plot using 1550 nm laser with 480 mW power at 2 Hz, irradiating 
whole tip (4mm diameter spot size). Largest peak occurs at x = 3.17 Hz (minimum resolution) 
and y = 2.0 Hz, and represents an expansion of 1 nm, equating to a 0.03 K average temperature 
across the tip. 
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Fig. A2: 2D FFT contour plot using 1550 nm laser with 480 mW power at 3 Hz, irradiating 
whole tip (4mm diameter spot size). The total expansion at 3 Hz is 1.46 nm, which equals an 
average temperature rise over the tip of 0.044 K. 
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Fig. A3: 2D FFT contour plot using 1550 nm laser with 170 mW power at 1 Hz, irradiating 
whole tip (4mm diameter spot size). The total expansion at 1 Hz is 2 nm, which equals an 
average temperature rise over the tip of 0.06 K. 
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